ABSTRACT: Diffuse idiopathic skeletal hyperostosis (DISH) is a predominantly radiographic diagnosis and histological knowledge of DISH is limited. The aim of this study was to describe the histological characteristics of DISH in the spinal column and to study the relation between DISH and intervertebral disc (IVD) degeneration. Therefore, 10 human cadaveric spines with fluoroscopic evidence of DISH were compared with 10 controls. Plain radiographs and computed tomography (CT) scans were obtained and tissue blocks were resected from three predefined levels of all specimens. The microscopic sections were scored by two blinded observers using a newly developed scoring system specific for characteristics of DISH and a validated scoring system for IVD degeneration. Maximum IVD height was measured on the CT scans. Analyses were performed using Fisher's exact test and Student's t-test. When compared to controls, the right sided sections from DISH specimens showed partial or complete bone bridges, consisting of cortical woven bone, accompanied by morphological changes in the adjoining part of the IVD. Using the histological scoring system for DISH, all parameters were significantly different between the DISH and control group (p < 0.01). The contralateral location did not show differences between the groups. The overall degree of IVD degeneration and height of IVD was comparable for the two groups. The histopathological changes observed in spines with DISH corresponded to the fluoroscopic images and CT scans. The degree of IVD degeneration and IVD height was comparable for both groups, suggesting a limited role for IVD degeneration in the pathogenesis of DISH. Keywords: diffuse idiopathic skeletal hyperostosis (DISH); histology; classification; ossification; disc degeneration Diffuse idiopathic skeletal hyperostosis (DISH) is a condition characterized by flowing ossifications on the anterolateral side of the thoracic spine with relative preservation of the intervertebral disc (IVD).
Diffuse idiopathic skeletal hyperostosis (DISH) is a condition characterized by flowing ossifications on the anterolateral side of the thoracic spine with relative preservation of the intervertebral disc (IVD). 1 The new bone formation is most frequently observed on the right side of the thoracic spine, and aortic pulsations have been suggested to prevent ossification on the left side. 2 The prevalence of DISH ranges from 2.9% to 42% in a general population over 50 years of age. [2] [3] [4] Several studies have shown a correlation between DISH and advanced age, the metabolic syndrome, and cardiovascular disease. [2] [3] [4] The prevalence of DISH can be expected to rise in Western societies due to increased exposure to endemic risk factors including sedentary lifestyle, obesity, and long life expectancy. 5 The clinical relevance of DISH is slowly being acknowledged as several symptoms, including stiffness of the back and joints, skeletal pain, reduced lung capacity, dysphagia, and airway obstruction have been shown to be related to DISH. 2, 6, 7 Furthermore, individuals with spinal ankylosis have a four-to-eight times higher risk of spinal fractures after low impact trauma compared to individuals with a non-ankylotic spine. 8, 9 Although the pathogenesis of DISH is poorly understood, several authors have described possible contributing aspects such as genetic, metabolic, vascular, and mechanical factors. 2, 3, 10 Additionally, changes in the Wnt, NFкB, BMP2, PGI2, and endothelin-1 signaling pathways are also suggested to play a role in the development of DISH. 2, 3, 6, 7, 10, 11 In 1976, Resnick and Niwayama introduced three strict radiographic features of the spine for the diagnosis of DISH: (i) Flowing ossification over at least four contiguous vertebrae; (ii) relative preservation of the intervertebral disc height and quality; and (iii) absence of apophyseal or sacroiliac joint involvement. These criteria served to distinguish DISH from other spinal pathologies including spondylosis deformans, intervertebral chondrosis, and ankylosing spondylitis. 1 As currently the diagnosis of DISH is established exclusively by radiographic evaluation, the majority of studies pertaining to the characteristics of DISH have focused on imaging of the spinal column or entheses of the peripheral skeleton. 1, 7, 12 Plain radiographs and computed tomography (CT) scans are able to demonstrate the presence of ossification masses, but a detailed description on a histological level cannot be established with these modalities. For physicians and researchers interested in the study of the pathogenesis of DISH, basic histological characteristics of the flowing ossification, and changes in the adjacent intervertebral discs are largely unknown. 3, 12 In this human cadaveric study, histological characteristics of spinal columns with DISH were investigated semi-quantitatively and compared to matched controls. The aim of the current study was to describe the histological characteristics of the new bone formation in DISH and to investigate the relation between DISH and degeneration of the IVD.
MATERIALS AND METHODS

Samples
One hundred and eleven formaldehyde-embalmed (4%) human cadaveric torsos from the Department of Anatomy of Conflicts of interest: None. Grant sponsor: AO Foundation; Grant number: S-07-20V; Grant sponsor: Depuy Syntheses; Grant sponsor: AOSpine. Correspondence to: Jorrit-Jan Verlaan (P: þ31 88 75 569 71; F: þ31 30 25 106 38; E-mail: J.J.Verlaan@UMCUtrecht.nl) our institution were screened for DISH by two observers using fluoroscopy (Omnidiagnost Eleva; Philips Medical Systems, Best, The Netherlands). The diagnosis of DISH was established according to the Resnick criteria. 1 The third criterion (absence of apophyseal or sacroiliac joint involvement) was partially adhered to since the sacroiliac joints were not included in the cadaveric torsos.
Ten cadaveric specimens meeting the criteria for DISH from five male and five female donors with a median age at death of 81 years (range 66-91 years) were selected for this study. Ten specimens without signs of DISH or other gross spinal pathology on fluoroscopic examination and equivalent for gender and age (five males and five females with a median age at death of 81 years [range 72-91 years]) were used as control group.
Between T1-L5 the spine and the surrounding tissues were resected from the torsos. Subsequently the soft tissues were removed with exception of the IVD and the longitudinal ligaments.
Computed tomography (CT) scans were acquired for each spine with a Brilliance 64 scanner (120 kVp and 356 mAs, Philips Medical Systems, Cleveland, OH) at 64 Ã 0.625 mm and reconstructed into sagittal images of 2-mm thickness. The CT images of the apophyseal joints were examined in detail to differentiate between DISH and ankylosing spondylitis. Before scanning, an off-the-shelf chipboard screw (6.0 Â 120 mm) was placed in the 12th vertebral body for the purpose of identification of this level and also for calibration of IVD height measurements on the CT scans.
With the use of the CT scans the most cranial, middle, and most caudal levels included in the bridging ossification were selected for harvesting of tissue blocks (20 Â 15 Â 10 mm) using an Exakt 312 pathology bone saw (Exakt Advanced Technologies, Norderstedt, Germany). The typically asymmetrical ossification observed in DISH was located at the right anterolateral side for all specimens with DISH and the 30 tissue blocks were bisected in the mid-sagittal plane leading to an internal control group (Fig. 1 ). In the specimens without DISH, the resection levels were matched to the specimens with DISH and processed similarly.
The 120 blocks were again divided in the mid-sagittal plane to facilitate two different embedding protocols. For one protocol, methyl-methylene acrylate (MMA) was used for embedding and the tissue blocks were subsequently sectioned with a microtome (30 mm thickness, Leica SP1600, Leica Microsystems Nussloch GmbH, Germany). These sections were stained with methylene blue and basic fuchsin. For the other protocol, the tissue blocks were decalcified with EDTA (125 g/l), dehydrated using ethanol steps and finally embedded in paraffin. The paraffin blocks were subsequently sectioned (5 mm thickness, Microm HM 340E, Thermo Scientific, Walldorf, Germany) and stained with haemotoxylin and eosin (H&E) and safranin O (Saf O). The undecalcified MMA embedded sections were used for the evaluation of new bone formation and changes in the local IVD shape. The decalcified thinner paraffin sections were used for assessment of the overall quality of the IVD and to detect the presence of woven bone with polarized light.
Classification
To assess the histological characteristics of DISH semiquantitatively, a scoring system was developed. To identify features typical for DISH, a pilot study was performed comparing 10 sections with DISH with 10 control sections. The samples were randomly chosen from the 120 microscopic sections. Since the newly formed bone observed in DISH is typically deposited over otherwise normal appearing spinal segments (as per the definition of Resnick et al.) a line was drawn from the uppermost to the lowest edge of the vertebral body included in the microscopic section. The area ventral to this line, containing the ventral corners of both vertebral bodies connected by the ventral portion of the anulus fibrosus and nucleus pulposus was designated as the area of interest (Fig. 2) .
The pilot study resulted in four items differentiating DISH from control cases within the area of interest ( Fig. 3 ): (i) The presence of a bone bridge: Complete, partial, none; (ii) the type of bone in the area of interest: >75% Cancellous, mixed cancellous and cortical bone, >75% cortical bone; (iii) the presence of woven bone in the area of interest: Yes or no; (iv) the shape of the IVD: Regular, tapered, spatulate, and irregular.
Furthermore, the degree of IVD degeneration was assessed by a previously validated histological classification. 13 The results from this score could range between 0 and 12 points, a higher score corresponding to more severe degeneration of the IVD.
Scoring
The microscopic sections (both MMA and paraffin) were blinded for DISH or control and for location by a technician not involved in the assessment of the characteristics of DISH and IVD degeneration. Subsequently the sections were presented at random to the two observers. Inter-observer discrepancies more than two points on the scoring of the IVD degeneration were discussed in a consensus meeting between the observers. All histological parameters were assessed using a light microscope with polarization modulation. After calibration, using the chipboard screw as reference, the CT scans were used to measure maximum IVD height centrally in the mid-sagittal plane at the levels corresponding with the histological sections (Fig. 1C) . 
Statistical Analysis
Descriptive and inferential analyses were performed using the Fisher's exact test for the categorical data and the Student's t-test for the continuous data. A p-value 0.05 was considered significant and the analyses were performed using SPSS 20.0 software.
RESULTS
Samples
Of the 120 microscopic sections, 10 paraffin samples were not scored for IVD degeneration due to insufficient histological quality after technical problems during the sectioning procedure. Consequently the scoring parameter on the Saf O staining was not available in four sections with DISH and six control sections.
Histological Classification of DISH
At the right-sided location of the DISH group a complete bone bridge was present in 15 microscopic sections at the cranial, middle, and caudal levels combined (Table 1 , Fig. 4) . A partial bridge was observed in 11 sections. In the control group a complete bone bridge was present in one section and a partial bridge in two sections. In the 27 other control sections no bone bridges were observed. In five sections with DISH the ossifications in the area of interest consisted of >75% cortical bone. Mixed cortical and cancellous bone was present in the ossifications of 20 sections. In the control group none of the sections contained mixed or >75% cortical bone in the area of interest. Woven bone was present in 29 sections in the DISH group in the designated area. In the control group four samples contained woven bone. The shape of the IVD in the area of interest was scored as regular in one section with DISH. A tapered shape was present in 10 sections, a spatulate shape in 11 sections and an irregular shape in 8 sections. In the control group a regular shape was observed in 24 microscopic sections. In two sections a tapered shape was present, in one a spatulate shape and in three an irregular shape. All parameters from the right-sided sections showed a statistical significant difference between the DISH and control group at the cranial, middle, and caudal level (p < 0.01).
As shown in Table 1 , both groups demonstrated similar results for the histological parameters at the left-sided location of the spine and statistical analyses did not reveal significant differences (p > 0.21).
Histological Classification of IVD Quality
The histological scores on the IVD quality for the right-sided sections were 6.2 (AE3.0; N ¼ 9) at the cranial level, 6.1 (AE2.7; N ¼ 9) at the middle level 
Intervertebral Disc Height
One CT scan from the control group did not include the T3-4 disc corresponding to a histological section, therefore, the IVD height was not measured for that level.
In the DISH group the mean IVD height was 5.4 mm (AE0. 
DISCUSSION
In this human cadaveric study a significant difference in histological characteristics was found at the rightsided anterolateral location of the spine between samples from subjects with DISH and control subjects. Partial or complete bone bridges were often present in the specimens with DISH and rarely found in controls. The results confirm the radiological appearance of flowing ossifications in DISH on a (light-microscope) histological level. The presence of mainly woven bone, The results are presented for the DISH and control group at the right and left location of the spine. DISH, Diffuse idiopathic skeletal hyperostosis; IVD, intervertebral disc.
HISTOLOGICAL CHARACTERISTICS OF DISH
indicating newly formed immature bone in the bridging ossifications, suggests an ongoing process of bone turnover with active remodeling even at advanced age. 14 The degree of IVD degeneration was not different between the specimens with DISH and controls suggesting that the often-proposed pathway of gross discopathy leading to kissing osteophytes leading to bridging ossifications may not explain the pathogenesis of DISH. In general, osteophyte formation and IVD degeneration are recognized as common patterns in the aging human spine. 15 Multiple factors are known to contribute to vertebral osteophyte development such as IVD degeneration, vertebral instability, or microfractures in the endplate. 16 An osteophyte develops gradually starting with a small osteophyte point that over time can extend and fuse with an osteophyte of an adjacent vertebral body. 17 Degeneration of the IVD is described as a consequence of continuous recurring mechanical loads resulting in molecular, microscopic, and eventually substantial structural changes such as loss of IVD height. 18 Since the IVD height did not differ between specimens with DISH and controls in our study, further doubt can be cast on the simple explanation of DISH resulting from a series of connecting osteophytes after the collapse of their corresponding IVDs. From our results it can be concluded that, in line with Resnick's observations and diagnostic criteria, gross degeneration of the IVD does not seem to correlate with the formation of the flowing ossification characteristically seen in DISH. Local changes in the shape of the anulus fibrosis adjoining the ossifications in cases with DISH were, however, frequently observed in the current study. In the control group a regular shape of the adjoining part of the IVD was found in almost all specimens while abnormal shapes were predominantly found in cases with DISH. As the current study represents a static description of histological features of DISH, it is not possible to deduct whether the abnormal shape of the anterolateral part of the IVD was responsible for local new bone formation or whether bone formation changed the morphology of the adjoining IVD structures.
In 1978, Resnick examined the histopathology of DISH in a descriptive study and observed two types of pathologic aberrations: Type (I) ligamentous changes not dependent on discogenic abnormalities and type (II) changes associated with IVD alterations, particularly in the anulus fibrosis. 12 Our results showed changes in the anulus fibrosis, but ligamentous changes were not included in the scoring system for DISH, because the anterior longitudinal ligament was not always present in both DISH and control sections. It remains unclear whether this was a result of loss of the ligament during the sample processing, shifting of the ligament due to adjacent new bone formation or ossification/inclusion of the ligament in the new bone formation. The partial or complete bone bridges observed in this study are suggested to have developed as a continuum from the vertebral bodies in most microscopic sections. Some histological sections showed a change in bone density of the complete bridge, but without interrupting the continuity with the vertebral body. In a few histological sections new bone formation was observed unconnected to native bone as is demonstrated in Figure 3 . These apparent isolated ossifications were most likely the result of the microtome cutting plane resulting in a twodimensional slice of a three-dimensional structure and not due to ligamentous changes as described by Resnick, because the visual aspect of the isolated ossifications was comparable to the nearest bone bridge formation. Furthermore, "islands of metaplastic cartilage" as expected in enchondral bone development were not observed. 12 Although our study showed the new bone formation to have continuity with the adjoining vertebral bodies it can not be concluded that independent ossification of the anterior longitudinal ligament could not occur. In 1985, Barsamian et al. presented a case report of a 63-year-old woman with dysphagia due to cervical DISH. 19 The DISH bone formation was removed surgically and the histological evaluation showed a thin cortex with islands of metaplastic hyaline cartilage and absence of the anterior longitudinal ligament. Another section showed thickening of the cortical bone and the authors concluded that the abnormalities corresponded to both ossification of the anterior longitudinal ligament and to the type II lesions of Resnick. Kranenburg et al. described a continuous solid bone formation along the ventral side of the vertebral body bridging a healthy IVD in a euthanized dog (Border Collie) with the diagnosis of DISH and osteoarthritis. 20 In an article by Warraich et al. the histology of cervical, thoracic, and lumbar spine segments of mice (equilibrative nucleoside transporter one knockout, mimicking DISH) was described as lesions in the outer anulus fibrosis with regions of metaplasia and disruption of the normal tissue architecture. 21 Staining techniques specifically designed to identify the anterior longitudinal ligament as a separate entity from new bone formation in DISH may shed light on this topic, but are currently not available.
Several limitations of this study could be identified. As previously described, the histological sections could only be assessed in a two-dimensional view, while new bone formation in DISH is a strongly threedimensional phenomenon. As a consequence, detailed information on the three-dimensional bone formation could have been missed. Secondly, the pilot study performed to develop the new scoring system, used 20 histological samples that were also included in the final scoring session. The DISH scoring system was not validated, because this was beyond the scope of this study. Furthermore, the sections were scored by two observers and the inter-observer variation was not quantified. However, the two scoring classifications were supported by clearly illustrated histological examples and consensus was easily reached.
In conclusion, this study observed significant histological changes in human cadaveric spines with DISH compared to control spines. The group with DISH showed significantly more partial or complete bone bridges corresponding well with fluoroscopic examinations and CT scans. The overall degree of IVD degeneration and height of the IVD was comparable for the DISH and control group, suggesting a limited role for IVD degeneration in the pathogenesis of DISH. Local changes in adjoining IVD shape were more frequently observed in the DISH group; however, it was not possible to distinguish the cause and effect of this finding.
